Shiitake mushrooms were processed by hot-air drying (HD) and freeze-drying (FD) to investigate the taste compounds. The total free amino acids in HD samples treated at 60°C was the highest as compared to the other three dried samples. Although cysteine was not detected in fresh shiitake mushroom (FSM), it was released during the drying process and its content increased with the temperature increase from 50°C to 70°C. The content of total organic acids was the highest in the HD sample treated at 60°C (56579.6 µg/g DW).
Introduction
Mushrooms have been enjoyed for their delicious taste. The shiitake mushroom (Lentinus edodes), an edible fungus, has been valued as both food and medicine since ancient times. As the second most cultivated edible mushroom in the world, the shiitake mushroom represents about 25% of worldwide mushroom production. [1] Shiitake mushroom contains 18 types of free amino acids, providing ideal ratios of all the essential amino acids needed for human nutrition. [2] Furthermore, shiitake mushroom provides important bioactive compounds with anti-tumor, anti-cancer and lowering blood pressure properties. [3] Freshly harvested shiitake mushrooms deteriorated quickly due to higher moisture contents, while dried mushrooms are a significant-prized ingredient in various popular sauces, soups, and other dishes. [4] Shiitake is often dried and rehydrated before use. Many people prefer dried Shiitake to fresh for the superior umami flavor (the flavor common to savory products such as meat, cheese, and mushrooms). [5] Therefore, it is important to find a suitable method to prolong the shelf-life and maintain the quality, reduce the loss of nutrients during shiitake mushroom preservation. [6] The drying process does have the potential to inhibit some enzymes activities. [5] Researchers have also reported that the physicochemical properties of the shiitake, such as chemical composition, molecular weight distribution, viscosity, and conformation were significantly affected by various drying processes such as freeze-drying (FD), oven drying, spray drying, vacuum drying and microwave drying. [7] Hot-air drying (HD) and FD are the most common methods for drying mushrooms. [8] [9] [10] The solid state of water, low temperature and sublimation mode of moisture transport during FD treatment could protect the primary structure and shape of products. The resultant products have low bulk density, high porosity, and better rehydration characteristics. [10] [11] [12] The HD treatment is frequently used due to the lower costs. Among the different shiitake mushroom-drying techniques reported to date, HD treatment is the most popular owing to its simple operation and low-energy consumption. [13] The processing equipment is neither special nor expensive, the procedure is quite simple, and could be easily grasped by ordinary workers. The shelf life of dried mushroom could be extended to more than one year after HD treatment. [14] Although drying indeed affected the preservation of shiitake mushrooms and prolonged their shelf life, the flavor was also significantly altered. Dried shiitake mushrooms have a superior umami flavor due to the breakdown of proteins into amino acids during the drying process. [15] The taste of edible mushrooms primarily derived from the presence of several water-soluble substances in their composition, including 5ʹnucleotides, free amino acids, organic acids, soluble sugars, and polyols. [16] [17] [18] The mushroom flavor profiles have been extensively studied. [19, 20] However, the relationship between the changes of taste components and texture of mushrooms remains unclear at different drying temperatures. The physicochemical characteristics and taste compounds of shiitake mushrooms should be further studied.
The aims of this study were to investigate the effect of HD and FD on taste compounds and several other important quality parameters of shiitake mushrooms, such as moisture, pH, free amino acids, 5ʹ-nucleotides, organic acids, and microstructure. The amino acids, 5ʹ-nucleotides, and organic acids were determined by ultra performance liquid chromatography (UPLC). The equivalent umami concentration (EUC) of shiitake mushroom samples were calculated and compared.
Materials and methods

Materials
Freshly harvested shiitake mushrooms were purchased in Yonghui market (Beijing, China) and stored at 4°C with 95% relative humidity prior to analysis. All samples were from the same batch. The average diameter of pileus was (52.7 ± 0.6) mm. The average length of the stipe was (32.3 ± 2.5) mm.
Drying methods
FD treatment: Each fresh shiitake mushroom (FSM) was cut into eight slices and frozen at −20°C for 24 h, then lyophilized in a freeze dryer (VFD-1000, Beijing Boyikang Laboratory Instrument Co. Ltd., Beijing, China) for 48 h (Figure 1 ). The condenser temperature was set at −45°C and the vacuum was maintained at 20 Pa.
HD treatment: The HD treatment was conducted by following a reported method with minor modification [21] , the drying temperatures were set at 50 o C, 60 o C and 70°C, respectively ( Figure 1 ). The drying process lasted until the shiitake mushrooms reached the constant weight. Hot-air dried and freeze-dried sliced shiitake mushroom samples were then ground into powder by a BJ-200 grinder (Baijie, Zhejiang, China), and subsequently stored at −20°C before use.
Moisture and ph measurements
The moisture content of the FSM and dried shiitake mushroom were measured using an electronic moisture analyzer (OHAUS MB35, Switzerland); each sample was repeated in triplicate. For pH analysis, the samples of dried powder (2 g) and fresh mushrooms (2 g) were added to 30 mL ultra-pure solution (Hangzhou Wahaha Group Co. Ltd., Hangzhou, China) and vortexed for 3 min. The mixture solutions were held at room temperature (25°C) for 1 h to separate solid and liquid phases, and then centrifuged (3922× g) in 50 mL centrifuge tube at 4°C for 10 min. The volume of supernatant was set to 100 mL, and its pH was measured using a Thermo Orion 868 pH meter (Thermo Fisher Scientific, Inc., Pittsburgh, PA).
Browning index (BI)
The BI value was determined by following a reported method with minor modification. [22] The samples of dried powder (4.0 g) and fresh mushrooms (4.0 g) were extracted with 20 mL of 80% ethanol and vortexed for 3 min. The mixture solution was held for 30 min at room temperature (25°C ), and then centrifuged (3922× g) in 50 mL centrifuge tube at 4°C for 10 min. The ultra-violate (UV) absorbance of the supernatant was measured at 420 nm by an UV Spectrophotometer (T6, Persee, Beijing). Figure 1 . Slices of shiitake mushrooms, a. Slices of fresh shiitake mushrooms; b. Slices of 50 o C hot-air-dried shiitake mushrooms; c. Slices of 60 o C hot-air-dried shiitake mushrooms; d. Slices of 70 o C hot-air-dried shiitake mushrooms; e. Slices of freeze-dried shiitake mushrooms.
Scanning electron microscopy (SEM) analysis
The samples were identically prepared to the same size in order to observe the changes caused by the various drying temperatures to the cellular structure of the dried products. Thin slices, each approximately 1 mm thick, were cut from the dried samples and placed on a specimen holder using double-sided adhesive tape, sputtered with gold powder. The images of the cellular structure of the dried shiitake mushroom slices were observed using a VEGA/LSU SEM (Tescan, Czechoslovakia), at a magnification of 800.
Free amino acid analysis
Fresh mushroom was made into a muddy consistency and a dried mushroom sample was finely ground. The dried mushroom powder (2 g) and the fresh mushroom (5 g) were shaken with 50 mL 0.1 mol/L HCl at 25°C for 45 min. Then, it was centrifuged (3922× g) in 50 mL centrifuge tube at 4°C for 10 min. The supernatant was filtered through a 0.45 μm membrane filter and the volume of the filtrate was adjusted to 100 mL. The deproteinized supernatant was then lyophilized and redissolved by means of a sodium loading buffer (Biochrom Ltd, Cambridge, UK). After being filtered through a 0.45 µm nylon filter membrane, the solution was analyzed using an automatic amino acid analyzer (Biochrom 30+, Biochrom Ltd, Cambridge, UK) as reported by Li et al. [23] with some modifications. The chromatographic separations were carried out at 570 nm and 440 nm with an injection volume of 20 µL. The relatively quantitative analysis of the amino acids was calibrated using external standards. The standard mixture solution (the concentration of Cys-Cys was 1.25 µmol/mL and other amino acids were 2.50 µmol/mL) was sequentially diluted. The results were expressed as micrograms of amino acids per gram fresh weight (µg/g FW) and dry weight (µg/g DW), respectively.
Organic acid analysis
The dried powder sample (2 g) and fresh mushrooms (10 g) were added to 50 mL deionized water, respectively, and then treated with ultrasound (400 W, 30 min). The solutions were subsequently centrifuged (3922× g) at 4°C for 10 min. The supernatant was filtered through a 0.45 μm filter membrane and the volume of the filtrate was adjusted to 50 mL. The organic acids were analyzed by Thermo U3000 UPLC system (Thermo Fisher Scientific Inc., USA), following a reported method. [24] Each organic acid was quantified according to the calibration curve of the respective standard.
5′-nucleotides analysis
The dried sample powder (1 g) and fresh mushrooms (4 g) were extracted with 25 mL deionized water and boiled for 1 min, after cooling down to room temperature, the samples were centrifuged (3922 × g) at 4°C for 10 min. The supernatant was filtered through a 0.45 μm filter membrane and the volume of the filtrate was adjusted to 50 mL. The ribonucleotide composition of the samples was analyzed using a Shimadzu model HPLC system (Shimadzu Corp., Kyoto, Japan), following the procedure of Kong et al. [24] Each 5ʹ-nucleotide was quantified according to the calibration curve of the respective standards.
Equivalent umami concentrations (EUC) analysis
EUC is the concentration of MSG (g/100 g) equivalent to the umami intensity given by the mixture of umami amino acids (Glu: glutamic acid, Asp: aspartic acid) and 5ʹ-nucleotides. It is calculated using the following equation [25] :
In this equation, Y is the EUC of the sample (g MSG/100 g); a i is the concentration (g/100 g) of each umami amino acid (Asp or Glu); a j is the concentration (g/100 g) of each umami 5ʹ-nucleotide (IMP, GMP, XMP or AMP); b i is the relative umami concentration (RUC) for each umami amino acid to MSG (Glu, 1 and Asp, 0.077); b j is the RUC for each umami 5ʹ-nucleotide to IMP (IMP, 1; GMP, 2.3; XMP, 0.61 and AMP, 0.18); and 1218 is a synergistic constant based on the concentration of g/100 g used.
Statistical analysis
All statistical analyses were conducted in triplicate, with the results expressed as means ± SD. Statistical analysis was performed using SPSS software (version 19.0, SPSS Inc., Chicago, IL, USA). Analysis of variance (p < 0.05) was used to analyze the data and a Duncan's multiple range test was used to separate the means.
Results and discussion
Effects of different drying methods on moisture, BI value, and pH of shiitake mushrooms
The effects of different drying processes on the moisture content, BI value and pH of shiitake mushrooms are summarized in Table 1 . Generally, HD treatment removes water by evaporation, however, for FD treatment, the substrate was firstly frozen and then the water was removed by sublimation. According to Ratti's finding [26] , the absence of lipid-water and the low temperature required for the FD process could mitigate deterioration and microbiological reactions, thus ensuring an excellent quality in the dried food. The moisture content of FD mushroom reduced from 89.61% to 3.57% after drying for 48 h, which is suitable for long time storage. The fresh mushrooms should be commonly dried to give a moisture content of ≤13% (GB 7096-2014, China Food Safety Regulations, 2014). For the HD process, the moisture contents kept stable at 50°C, 60°C and 70°C after drying for 14 h, 13 h, and 13 h, respectively. On the other hand, with the increase in drying temperature, the remained moisture contents decreased accordingly. The HD mushrooms treated at 70°C showed a significantly lower moisture content (2.50%, w/w) than that at 50°C (3.74%, w/w) and 60°C (3.31%, w/w). It is interesting to note that the moisture content of FD mushrooms (3.57%, w/ w) was similar to that of HD mushrooms dried at 50°C and 60°C.
The FSM was found to have the highest pH of 6.55, which agreed with the finding (fresh mushroom, Agaricus bisporus, pH 6.58) of Derossi et al. [27] The pH of three HD samples ranged from 5.95 (70 o C) to 6.36 (50 o C), indicating that the pH of the HD samples decreased with the increase of drying temperature; while the pH of the FD shiitake was 6.18, which is higher than that of HD samples treated at 70 o C but lower than that of at 60 o C.
A previous study reported that color retention was an important quality parameter of dried products. [11] The BI values of the four dried samples were 0.29 (HD, 50°C), 0.60 (HD, 60°C), 0.75 (FD) and 0.92 (HD, 70°C), respectively. They were all significantly higher than the control group (0.05, FSM sample). For HD samples, it was clearly to note that the BI value increased significantly with the increase of drying temperature (Table 1) . Our results corresponded to the findings of Xu et al. [28] High temperature may destroy the cell structure of mushroom, resulted in the release of cellular chemicals including amino acids and reducing sugars, therefore enhancing the formation of brown substances caused by Maillard reaction. [14, 29] For FD sample, the BI value was between that of 60 o C and 70 o C of HD samples. The mushroom browning in FD treatment could be attributed to enzymatic browning. [10, 30, 31] Effects of different drying methods on free amino acids
The contents of taste compounds (including amino acids, organic acids, nucleotides, and EUC) in the five shiitake mushroom samples are listed in Table 2 . The HPLC chromatogram of amino acids, organic acids and 5ʹ-nucleotides aer shown in Figure 2 . It is interesting to note that the total free amino acids of HD samples treated at 60°C (13919.8 μg/g DW) was the highest, followed by 50°C (13498.6 µg/g DW), FD (12275.2 µg/g DW) and 70°C (11099.4 µg/g DW). Some previous studies reported that the increase of free amino acids at different drying temperatures could be due to different drying time. [6, 28] However, when converted the total amino acids of dry content to the fresh content, all the four dried samples were lower than that of the FSM sample ( Table 2 ). This could be ascribed to the chemical reaction of active amino acids during drying treatment, in which the proteins could be degraded by related enzymes and/or Maillard reaction. On the other hand, FSMs are rich in Ser and Lys, however, their contents decreased significantly with the increase of drying temperature. This could be due to the Maillard reaction during heating. Xu et al. [28] reported that enzymatic reaction could induce partial degradation of proteins to oligopeptides and amino acids, and therefore release more hydrophobic zones. They also hypothesized that the changes of free amino acids corresponded to the changes of proteins, indicating that high-temperature drying pretreatment could promote protein degradation better than FD treatment and enhance the taste of dried mushrooms. Amino acids could be divided into different groups based on their taste characteristics. Glutamic acid (Glu) belongs to the group of umami-taste amino acids. As shown in Table 2 , Glu content in dried samples increased with the drying temperature increased from 50°C to 70°C. When being converted the Glu content in dry weight to the content of fresh weight, the content of Glu in HD samples treated at 70°C (123.7 µg/g FW) was higher than that of the control sample (115.4 µg/g FW), indicating new Glu was produced during heating treatment.
Cysteine (Cys) has been regarded as one of the no-taste amino acids, but it could be degraded into flavor precursors. There is no Cys in the FSM. However, the Cys was produced during drying treatment and the content increased with the increase of drying temperature with the values of 646.2 µg/g DW (50°C), 1155.3 µg/g DW (60 o C) and 1219.4 µg/g DW (70°C ), respectively ( Table 2 ). The Cys content in FD samples was 823.2 µg/g DW.
Effects of different drying methods on organic acids
The organic acids, including malic acid, lactic acid, citric acid, and succinic acid, were quantified in fresh and dried shiitake mushrooms ( Table 2 ). The content of total organic acids was the highest in the HD sample treated at 60°C (56579.6 µg/g DW). Lactic acid was the dominant organic acid in FSM. In addition, the HD samples treated at 60°C showed significantly higher succinic acid content than other samples. A previous study reported that both lactic acid and succinic acid could contribute to sour and umami tastes. [32] Effects of different drying methods on 5′-nucleotide 5ʹ-CMP, 5ʹ-GMP, 5ʹ-IMP, and 5ʹ-AMP were identified and determined as shown in Table 2 . The total nucleotides content was the highest in HD samples treated at 50 o C and the lowest in FD samples. FSM was rich in 5ʹ-CMP, which occupied over 75% of total nucleotides. A previous study reported that other mushrooms (e.g. pine mushroom) were also rich in 5ʹ-CMP. [33] EUC The EUC value related to the contents of Glu, Asp, 5ʹ-IMP, 5ʹ-AMP, and 5ʹ-GMP. The HD samples treated at 70 o C (25.2 g MSG/100g) showed the highest EUC value, followed by 60 o C (19.7 g MSG/100 g DW), 50 o C (14.7 g MSG/100 g DW), FD sample (12.0 g MSG/100 g DW) and the lowest in FSM (0.4 g MSG/100 g FW). This indicated that the HD samples treated at 70 o C possessed a better umami tastes. In addition, it is clear to note that the EUC of FD sample was significantly lower than that of HD samples. Cho et al. investigated the umami-taste active components in pine-mushrooms. [16] In their study, the EUC values and umami sensory intensities exhibited the same patterns in different grades pinemushrooms. The EUC values of the pileus were higher than that of the stipe and ranged from 13.26 (in the stipe of first grade) to 204.26 g (in the pileus of second grade) per 100 g.
Scanning electron microscopy results
The drying process of mushroom could affect its microstructure. HD treatment could potentially undermine both the nutritional quality and texture, and could also cause discoloration during a long term drying process. [33] FD treatment is especially suitable for heat sensitive products, such as fruits with high sugar content and certain high-value vegetables. [34] The effects of different drying methods and conditions on the structure of dried shiitake samples were observed under an SEM. All of the four dried samples possessed a large number of pores and honeycomb-like microstructure. [10] The SEM micrographs clearly showed that the tissue structure was affected by heating temperature (Figure 3 ). In HD samples treated at 50°C, it was obvious to find a fraction of the cell, in which the vacuoles are defined by cell walls (lighter areas to a pale white) as well as parts that are similar to pockets filled with cellular juice (darker areas). However, these vacuoles inside the cell could not be found in HD samples treated at 60°C and 70°C, this is possibly due to water evaporation and a merging or even breakage of the cell walls, thus indicating severe contraction of the tissue with the rise of temperature. It is clear that high temperature in drying process resulted in the tissue dehydration and heightened deformation of cellular texture. Wang et al. reported that the increase of temperature caused the collapse of the surface cellular structure but not the interior part, which could be attributed to much higher surface water evaporation or sublimation rate compared to the water migration flux through the interior to the surface. [10] Moreover, the cell walls of the FD sample were also destroyed by vacuum adsorption and water loss. In four dry mushroom samples, the structure of the FD sample was destroyed most seriously.
Conclusion
The moisture content and pH decreased with the increase of temperature in HD treatment, the moisture content of the FD sample is similar to that of HD samples treated at 50 o C and 60 o C. The BI values increased with the increase of temperature in HD treatment, while the BI value of FD sample was significantly lower than that of HD samples treated at 70 o C but significantly higher than that of HD sample treated at 60 o C. The FSMs were rich in amino acids (e.g. Ser and Lys), organic acid (e.g. lactic acid) and nucleotide (e.g. 5ʹ-CMP). After drying process, the HD samples treated at 70°C remained the lowest total amino acids (11099.4 µg/g DW), while the HD samples treated at 50°C and FD samples showed significantly lower levels of total organic acids than other samples. For total nucleotides, the highest content was found in HD samples treated at 50 o C, while FD samples showed the lowest level. The above results indicated that some amino acids, organic acids, and nucleotides underwent some chemical reactions during the drying process. The HD samples treated at 70°C showed the highest EUC value, followed by at 60°C, 50°C and FD samples. In brief, it seemed that the HD samples treated at 60°C improved a better taste quality of the shiitake mushroom than other treatments. Figure 3 . The scanning electron microscope (SEM) micrographs for (A) 50°C hot-air dried shiitake, (B) 60°C hot-air dried shiitake, (C) 70°C hot-air dried shiitake, and (D) freeze-dried shiitake.
